The origin-recognition complex (ORC) has an essential role in defining DNA replication origins [1] and in chromosome segregation [2, 3] . Recent studies in Drosophila orc2 mutants [4] [5] [6] , and in human cells depleted of ORC2 [3], have suggested that this factor is also implicated in mitotic chromosome assembly. We asked whether ORC was required for M phase chromosome assembly independently of its function in DNA replication. We performed depletion assays and reconstitution experiments in Xenopus egg extracts, in conditions of M phase chromosome assembly coupled or uncoupled from DNA replication. We show that, although ORC is dispensable for mitotic chromosome condensation, it is necessary at the interphasemitosis transition for proper mitotic chromosome assembly to occur in a reaction not strictly dependent on DNA replication. This function involves the recruitment to chromatin of cdc2 kinase and the chromatin disassembly of interphasic replication protein A (RPA) foci [7, 8] . Furthermore, we show that mutations of RPA at the cdc2 kinase site prevents RPA dissociation from chromatin and impairs mitotic chromosome assembly without affecting DNA replication. Our results support the conclusion that in addition to its role in the assembly of prereplication complexes (pre-RCs), at the G1-S transition, ORC is also required for their disassembly at mitotic entry.
The origin-recognition complex (ORC) has an essential role in defining DNA replication origins [1] and in chromosome segregation [2, 3] . Recent studies in Drosophila orc2 mutants [4] [5] [6] , and in human cells depleted of ORC2 [3] , have suggested that this factor is also implicated in mitotic chromosome assembly. We asked whether ORC was required for M phase chromosome assembly independently of its function in DNA replication. We performed depletion assays and reconstitution experiments in Xenopus egg extracts, in conditions of M phase chromosome assembly coupled or uncoupled from DNA replication. We show that, although ORC is dispensable for mitotic chromosome condensation, it is necessary at the interphasemitosis transition for proper mitotic chromosome assembly to occur in a reaction not strictly dependent on DNA replication. This function involves the recruitment to chromatin of cdc2 kinase and the chromatin disassembly of interphasic replication protein A (RPA) foci [7, 8] . Furthermore, we show that mutations of RPA at the cdc2 kinase site prevents RPA dissociation from chromatin and impairs mitotic chromosome assembly without affecting DNA replication. Our results support the conclusion that in addition to its role in the assembly of prereplication complexes (pre-RCs), at the G1-S transition, ORC is also required for their disassembly at mitotic entry.
Results and Discussion
ORC Is Necessary at the Interphase-Mitosis Transition In eukaryotes, ORC recognizes DNA replication origins and appears to be also necessary for the assembly of mitotic chromosomes [5, 6] . Using Xenopus egg extracts, which reproduce both DNA replication and chromosome condensation sequentially [9, 10] , we first asked whether both functions were always linked. Immunodepletion of ORC2 from interphase egg extracts allowed to deplete >99% of ORC2 from the extract (Figure 1A) . ORC1 was also codepleted from egg extracts ( Figure 1B ), as expected because it is part of the same complex [11, 12] . The total levels of topoisomerase II and condensin I, two key players in mitotic chromosome assembly [13] , were not affected ( Figures 1A and 1B) .
ORC2-depleted extracts failed to replicate DNA ( Figure 1C ) and failed to efficiently convert chromatin into rod-shaped chromosomes with resolved sister chromatids (see Figure S1 in the Supplemental Data available online). However, this defect could be a consequence of DNA replication defect, because addition of aphidicolin similarly prevents M phase chromosome assembly ( Figure S1 ). DNA replication was therefore uncoupled from M phase chromosome assembly by incubating sperm chromatin directly in mitotic extracts [10, 14, 15] (Figure 1D ). Under these conditions, rod-shaped mitotic chromosomes can form in ORC2-depleted extracts without distinction from mock-depleted extracts ( Figures 1D a and 1D c ) , and the levels of condensin I and topoisomerase II associated with mitotic chromosomes were not affected by the absence of ORC2 (Figures 1D and 1E ). We conclude that ORC2 (or a functional ORC complex) does not play an essential structural role in chromosome condensation at mitosis in Xenopus egg extracts, in contrast to topoisomerase II or condensin I [13] and in agreement with observations that ORC2 poorly binds to chromatin at mitosis ( Figure S2 ).
Because ORC2 remains normally bound to chromatin after S phase completion, we further explored the possibility that ORC2 could play a role in preparing M phase chromosome assembly at the interphase-mitosis transition. Interphase chromatin structures were first assembled and then induced into mitosis before S phase initiation ( Figure 1F ). Mock-depleted extracts assembled single chromatids ( Figure 1F a ) , with condensin I properly marking chromatid axes ( Figure 1F b ) . In contrast, ORC2-depleted extracts failed to assemble chromosomes ( Figures 1F d and 1F e ) . Because no DNA replication occurs under these conditions ( Figures 1F c and 1F f ) , mitotic-chromosome-assembly defects in ORC2-depleted extracts were unlikely to result from DNA-replication defects. These data suggest that in the absence of a functional ORC complex, chromosomes properly form when directly assembled at mitosis ( Figure 1D ), but not if preassembled at the interphase chromatin stage.
ORC2-Depleted Extracts Fail to Disassemble RPA upon Mitosis Entry
To further investigate this mechanism, we searched for proteins that failed to bind chromatin in ORC2-depleted extracts and found that several factors were missing in ORC2-depleted extracts (Figure 2A, arrows) . Results obtained by mass spectrometry and immunoblotting analyzes showed that these bands contained MCM5, a mixture of MCM-3 -4 -6 and a mixture of ORC1 and MCM2 (Figures 2A and 2B ). We also observed the inhibition of chromatin loading of cdc6 and Xrad21 cohesin subunit ( Figure 2B ), as reported [16] [17] [18] [19] . These data agree with the established role of ORC in the assembly of prereplication complexes (pre-RCs) at the interphase stage [16] [17] [18] [19] .
*Correspondence: mechali@igh.cnrs.fr Further analyses by immunoblotting showed, in agreement with previous reports [18] , that ORC2 depletion does not affect the binding of RPA ( Figure 2B ), a single-stranded DNA binding protein that forms interphase nuclear foci [8] and targets chromatin prior to initiation of DNA replication [7, 20, 21] . Furthermore, whereas RPA is normally excluded from chromatin upon induction of mitosis, a significant fraction failed to disassemble from chromatin in ORC2-depleted extracts ( Figure 2C ). Immunostaining experiments showed that the typical punctate staining of RPA was detected on purified interphase chromatin assembled in mock-as well as in ORC2-depleted extracts ( Figures 2D b and 2D h ). RPA dissociation from chromatin upon mitotic entry is normally induced through its phosphorylation by cdc2-cyclin B [7, 21] . In agreement, mitotic cdc2 kinase added to purified interphase chromatin induces RPA foci disassembly ( Figure 2D e ) independently of M phase chromosome assembly. In contrast, RPA staining remains present even after addition of the mitotic kinase when ORC2 has been depleted from the extracts ( Figure 2D k ) . Taken together, these data supported the idea that a function of ORC at the interphase-mitosis transition involves the disassembly of RPA foci from chromatin.
ORC2 Is Required to Recruit cdc2 Kinase to Chromatin
We further asked whether failure to dissociate RPA in ORC2-depleted extracts was due to the inability to recruit mitotic cdc2 kinase. Figure 2C shows that chromatin binding of cdc2 kinase was impaired in ORC2-depleted extracts, although total amount of cdc2 kinase was not affected ( Figure 2E ). The binding to chromatin of condensin I, which depends on its phosphorylation by mitotic cdc2 kinase [22] , was unaffected in ORC2-depleted extracts ( Figures 2C,1D b , and 1D d ) . Because condensin I can be phosphorylated by the mitotic kinase prior to its targeting to chromatin [22] , this result indicated that cdc2 kinase was active in ORC2-depleted extracts. In agreement, the phosphorylation of RPA34 by cdc2 kinase at mitosis was not impaired ( Figure 2E , upper arrow). However, a subpopulation of RPA remained unphosphorylated after incubation of sperm chromatin with ORC2-depleted extracts (Figure 2E, lower arrow) .
Further immunoblotting analyses of the binding to chromatin of cdc2 kinase upon mitosis entry ( Figure 3A) showed that its level was high in mock-depleted extracts ( Figure 3A) , when phosphorylation by cdc2-cyclin B is critically required to completely remove RPA from chromatin [7, 21] whereas it decreased at the end of mitosis, when ORC2 is removed from chromatin (Figure 3A) . In contrast, ORC2-depleted extracts had lower levels of cdc2 bound to chromatin ( Figure 3A) , levels similar to that remaining at the end of mitosis in mockdepleted extracts, whereas condensin loading was not affected ( Figure 3A) . The ORC-dependent recruitment to chromatin of mitotic cdc2 kinase was also tested by immunostaining chromatin (Figure 3B ). Addition of cdk inhibitor roscovitine during mitosis prevented dissociation of ORC2 from chromatin and led to a stable increase in cdc2 staining ( Figures 3B c and 3B f ) , which was impaired in absence of ORC2 ( Figures 3B i and 3B l ) . A low cdc2 kinase binding to chromatin remains in ORC2-depleted extracts, indicating that ORC-independent mechanisms may also recruit cdc2 kinase for other functions. However, these results support the conclusion that ORC was an important factor in recruiting mitotic cdc2 kinase to chromatin, which may be required for the disassembly of RPA foci. A Constitutively Unphosphorylated RPA Form Impairs Mitotic Chromosome Assembly RPA tightly binds to interphase chromatin [7, 20] (resistant to 0.9% Triton X-100; data not shown), and its chromatin removal could be critical for progression into mitosis. We performed mutagenesis within the cdc2 consensus sites of the 34 kDa RPA subunit ( Figure 3C ). These residues were shown to be essential to regulate the assembly of human RPA foci [23] . Replacement of cdc2 sites prevented both phosphorylation of recombinant RPA-A and its mitotic cdc2 kinase-induced dissociation from both DNA ( Figure S3 ) or from chromatin, but it did not prevent its association with other RPA subunits [23] (data not shown). RPA-A did not interfere with DNA synthesis (Figure 3D ), yet it prevented mitotic chromosome assembly ( Figure 3E f and Figure S3C c ) . It is very unlikely that this involves DNA damage because introduction of the same unphosphorylatable residues in the cdc2 sites of human RPA (as in RPA-A) prevents its association with sites of DNA damage [23] and because we never detected H2AX foci under our experimental conditions (data not shown). In contrast, introduction of constitutively negatively charged residues was shown to allow the association of RPA with DNA damage sites [23] . We produced a similar Xenopus RPA mutant (RPA-D, Figure 3C ), and our results show that it did not affect DNA synthesis ( Figure 3D ) or mitotic chromosome assembly ( Figures 3E d and 3E h ) . Altogether, these results support the conclusion that cdc2 phosphorylation to dissociate RPA foci at the interphasemitosis transition is critical for M phase chromosome assembly.
Purified ORC2 Can Restore Defects in cdc2 Kinase
Binding and Mitotic Chromosome Assembly in ORC2-Depleted Extracts Other ORC subunits within the ORC complex may be required for cdc2 recruitment to chromatin because cdc2 kinase coprecipitates with anti-ORC1 antibodies [12, 24] , and ORC1 was codepleted with ORC2 ( Figure 1B) . However, we found that purified recombinant ORC2 (rORC2) was sufficient to coprecipitate cdc2 kinase independently of ORC1 ( Figures S4A and S4B and Figure S5E ). As expected, purified rORC2 did not complement DNA replication in ORC2-depleted extracts ( Figures S4C and S5C ) because ORC1 was codepleted ( Figure S5A) .
These results prompted us to ask whether adding back rORC2, although not sufficient to restore DNA replication, was able to recruit cdc2 kinase to chromatin. Figure 4 shows that purified rORC2 could bind chromatin and was sufficient to recover some binding of cdc2 kinase to chromatin in ORC2-depleted extracts ( Figures  4A c and 4A g ), in contrast to what we observed when other recombinant proteins were used (e.g., RPA, data not shown). Cdc2 recruitment was more efficient when adding back a purified ORC complex ( Figure 4A k and Figure S5D ), and its staining colocalized with ORC2 signal in both cases ( Figures 4A h and 4A l ) . We further asked whether rORC2 was sufficient to complement mitotic chromosome condensation in ORC2-depleted extracts. Figure 4B shows that upon addition of the mitotic kinase, purified rORC2 complemented ORC2-depleted extracts both for M phase chromosome-assembly activities ( Figures 4B a and 4B e ) and for disassembly of RPA foci ( Figures 4B c and 4B g ). Together, these results support the conclusion that ORC-dependent chromatin recruitment of cdc2 kinase and removal of RPA are involved in proper M phase chromosome assembly, in a reaction independent of DNA replication as confirmed by absence of dUTP incorporation ( Figures 4B d and  4B h ). These data further show that ORC has a regulatory role in preparing interphase chromatin for its condensation at mitosis, a role that can be uncoupled from its function in DNA replication.
Our data show that a functional ORC complex is dispensable for mitotic chromosome condensation in Xenopus. In agreement, ORC2 poorly binds to chromatin upon mitosis entry and is dispensable for the loading of key players in mitotic chromosome condensation. However, ORC2, most probably in combination with other ORC subunits, has in M phase chromosome assembly a regulatory role required to preset interphase chromatin structure for its condensation at mitosis. This involves-but may not be limited to-the proper disassembly of RPA foci upon mitotic entry and the recruitment of mitotic cdc2 kinase shown to be required for RPA disassembly. This function of ORC is not strictly dependent on its function in DNA replication, on ORC1, or on the presence of a six-subunit ORC complex.
In yeast, where ORC was discovered [25, 26] , a connection with chromatin structure and proper chromosome condensation was soon reported [26] [27] [28] [29] . In Drosophila, orc2 mutants affect DNA replication and chromosome condensation at mitosis [4] [5] [6] . In human cells, whereas HsOrc2 is released from most chromatin sites during S phase, it remains associated to heterochromatin and centromere regions during mitosis [3] . The role of ORC in M phase chromosome assembly may be linked to its role in regulating the replication timing through its association with heterochromatin regions [4] . A direct structural role of ORC in mitotic chromosome condensation in Xenopus may not be found because ORC2 is not present on chromosomes at mitosis ( Figure S2 ) or possibly because heterochromatin is not detected during early Xenopus development, when S and M phases are cycling at an accelerated rate. At this stage, initiation of DNA replication does not occur at specific sites [17, [30] [31] [32] , but the ORC complex is nevertheless required for the formation of the initiation complexes. Our data suggest that ORC has at the interphase-mitosis transition an additional function required for proper M phase chromosome assembly to occur. We cannot exclude, however, that other factors or nondepleted ORC subunits in excess may combine with rORC2 in the context of chromatin (e.g., ORC3; Figure S5A) . Using stringent detergent extractions, we could detect a colocalization of ORC and RPA on chromatin ( Figure S6A ), suggesting that a fraction of ORC tightly bound to chromatin may interact with RPA. These data provide further support for an interplay between the cdc2 kinase regulation of ORC and RPA binding to chromatin at the interphase-mitosis transition and for proper mitotic chromosome assembly.
It has been previously shown that in Xenopus, RPA34 fluctuates in two forms that are mutually exclusive during the cell cycle [21, 33] . One is hypophosphorylated, binds to chromatin, forms detergent-resistant foci, and is specific to the initiation stage of DNA replication [21] . RPA remains bound to these foci even after completion of DNA replication. At mitotic entry, RPA34 is hyperphosphorylated by cdc2-cyclin B and disassembled from chromatin concomitantly with ORC [7, 20, 21] . Our finding that RPA-A mutant impairs M phase chromosome assembly supports the conclusion that disassembly of RPA is a crucial mechanism. Other factors that participate in S phase chromatin structure may also need to be cleared from chromatin for proper folding of mitotic chromosomes, and such regulation might be important when S and M phases are cycling within a total cell cycle of 30 min as in Xenopus early development. The ORC-dependent recruitment of cdc2 kinase to chromatin appears here necessary to remove (rather than to recruit) factors involved in interphase chromatin organization. The proper targeting of cdc2 kinase to RPA foci or to other nuclear structures such as centrosomes [34, 35] could be critical for progression into mitosis. Similarly, recent results have shown that recruitment of cdk2-cyclin E to specific chromatin regions requires Cdc45, which is critical for H1 chromatin removal, fork progression, and chromatin-structure reorganization [36] . Our results strongly support the view that the ORC complex coordinates events linked to chromatin organization and the cell cycle both in organizing interphase chromatin for DNA replication and in regulating this organization for subsequent chromosome assembly at mitosis.
Experimental Procedures
Chromosome Assembly in Xenopus Egg Extracts and Mass-Spectrometry Analyses Interphase chromatin structure was assembled in Xenopus egg extracts as described [15] . DNA synthesis was measured in parallel by incorporation of 32 PdATP and by detection on chromatin with 10 mM of biotin-16-dUTP (BiodUTP; Boehringer Mannheim). For protein identification, mass-spectrometry analyses were performed with nano-Lipid Chromatography (nanoLC-MS/MS). Samples were further blotted with a heat-diffusion technique [37] to confirm that the proteins identified were absent in ORC2-depleted extract (Supplemental Data). Further biochemical analysis of chromosomal proteins and morphological analysis were performed as described [15, 38] . Mitosis was induced after 120 min ( Figure 1D ) or after 0 or 15 min in interphase ( Figure 1F ) by adding cyclin BD90 or cdc2-cyclin B kinase complex [39] . This was done by adding concentrations of these proteins similar to concentrations of endogenous protein in mitotic egg extracts (1 ml/30 ml reaction; not shown). For analyses of RPA dissociation from chromatin, interphase chromatin was reconstituted for 15 min, purified through a sucrose cushion, and resuspendended in 50 ml XB1 with or without mitotic kinase. For testing the potential effects on M phase chromosome assembly of rORC2, RPA34-wt, or A/D mutants, these proteins were individually mixed for 30 min with the interphase egg extracts at a final concentration similar to those of endogenous-protein levels ( Figure S5B ; [7] ).
Immunodepletions and add-back experiments, site-directed mutagenesis, protein purification, coimmunoprecipitations, and pulldown and electrophoretic mobility-shift assays are described in Experimental Procedures of Supplemental data.
Supplemental Data
Supplemental Data include six figures and descriptions of immunodepletions and add-back experiments, site-directed mutagenesis, protein purification, coimmunoprecipitations, and pull-down and electrophoretic mobility-shift assays; they are available with this article online at: http://www.current-biology.com/cgi/content/full/16/ 5/516/DC1/.
